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A photoelectrochemical investigation on thin (613 nm) mixed oxides grown on sputter-deposited Ti–Zr
alloys of different composition by air exposure and by anodizing (formation voltage, UF = 4 V/SCE) was
carried out. The experimental results showed that the optical band gap, Eoptg , increases with increasing
Zr content in both air formed and anodic ﬁlms. Such behaviour is in agreement with the theoretical
expectation based on the correlation between the band gap values of oxides and the difference of elec-
tronegativity of their constituents. The ﬂat band potential of the mixed oxides was found to be almost
independent on the Ti/Zr ratio into the ﬁlm and more anodic with respect to those estimated for oxide
grown on pure Zr. The semiconducting or insulating character of the investigated ﬁlms was strongly
inﬂuenced by the forming conditions and the alloy composition.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
In the last years Ti and Zr containing mixed oxides have at-
tracted the attention of several research groups due to their appli-
cations in a wide range of technological ﬁelds. For instance,
chemical vapour deposited Zr0.65Ti0.35O2 thin ﬁlms [1] are promis-
ing candidate for gate-dielectric applications, since their use is re-
ported to improve the scalability and to reduce the leakage current
of complementary metal-oxide-semiconductor (CMOS) transistors.
Moreover, sol–gel prepared Ti–Zr mixed oxides of several compo-
sitions seem to improve the efﬁciency of dye-sensitized solar cells
with respect to those fabricated with pure TiO2 [2–4] and show en-
hanced photocatalytic activity for photovoltaic oxidation of organ-
ic pollutants compared to pure TiO2 [5–7]. Due to their high
thermal stability, TiO2–ZrO2 mixed oxides prepared by precipita-
tion from homogenous solution have also been tested to be very
good catalyst support [8]. Finally, alloying addition of Zr to Ti metal
allows the formation of passive ﬁlms with higher corrosion resis-
tance with respect to passive ﬁlms on pure titanium [9–10].
For any of the listed applications the knowledge of mixed oxide
solid state properties such as band gap, ﬂat band potential and con-
duction type is a key factor for understanding their behaviour and
improving their performance. In this work we report on a photo-
electrochemical investigation on Ti–Zr mixed oxides, grown by
air exposure and by anodizing at room temperature on sputter-
deposited Ti–Zr alloys of different composition. The band gap val-ll rights reserved.
: +39 091 6567280.
ntamaria).ues and the ﬂat band potential of the investigated oxides are esti-
mated as a function of the base alloy composition and of the
forming conditions. The inﬂuence of Ti/Zr ratio on the insulating
or semiconducting behaviour of the oxide is discussed.
2. Experimental
Zr–Ti alloy ﬁlms, together with zirconium, were prepared by dc
magnetron sputtering. Targets consisted of a 99.9% zirconium disk,
of 100 mm diameter, with an appropriate number of 99.9% tita-
nium disks, of 20 mm diameter, located symmetrically on the ero-
sion region for preparation of the alloys. Substrates were glass
plates. In order to obtain alloy ﬁlms of uniform thickness and com-
position, the substrate holders were rotated around the central axis
of the chamber, as well as about their own axes, during sputter
deposition. As previously reported [11–12], all the deposited ﬁlms
were hcp solid solutions, whose compositions were determined by
Rutherford backscattering spectroscopy.
Anodizing was undertaken in 0.1 M ammonium pentaborate
(ABE) and 0.5 M H2SO4 electrolytes at 298 K potentiodynamically
at 20 mV s1. A saturated calomel electrode (SCE) was employed
as reference electrode. The experimental set-up employed for the
photoelectrochemical investigations is described elsewhere [13]:
it consists of a 450 W UV–VIS xenon lamp coupled with a mono-
chromator (Kratos), which allows monochromatic irradiation of
the specimen surface through the electrochemical cell quartz win-
dows. A two-phase lock-in ampliﬁer (EG&G) was used in connec-
tion with a mechanical chopper (frequency: 13 Hz) in order to
separate the photocurrent from the total current circulating in
M. Santamaria et al. / Corrosion Science 50 (2008) 2012–2020 2013the cell due to the potentiostatic control. Photocurrent spectra re-
ported below are corrected for the relative photon ﬂux of the light
source at each wavelength, so that the photocurrent yield in arbi-
trary current units is represented in the Y axis.
All the experiments were performed in air at room temperature.
3. Results
3.1. Air formed ﬁlms
After immersion of the Ti–Zr alloys in both 0.1 M ABE and 0.5 M
H2SO4 solutions, the open circuit potentials, UOC, of Table 1 were
measured, with the most cathodic values pertaining to Zr and Zr
rich alloys. In order to get some information on the nature of the
initial air formed ﬁlms on the alloys, a photoelectrochemical inves-
tigation has been performed at polarizing voltage, UE, around UOC.
A very narrow (UE 6 0.3 V/SCE) potential range was exploited so
that it was possible to assume that the polarization does not affect
the nature and properties of the air formed ﬁlms. The initial ﬁlms
were all photoactive at UOC in both 0.1 M ABE and 0.5 M H2SO4
solutions with the presence of anodic photocurrent for all the
investigated composition. This ﬁnding was assumed as an indica-
tion that the initial passive ﬁlms present on these alloys consist
of mixed oxide phases having a n-type semiconducting or insulat-
ing behaviour and ﬂat band potentials slightly more negative than
the initial UOC value.
In Fig. 1a we report the photocurrent spectrum relating to an air
formed ﬁlm on Ti–42 at.%Zr, recorded by polarizing the electrode
at UOC. By assuming indirect optical transitions (see Fig. 1b) it
was possible to derive the optical band gap value of the investi-
gated ﬁlms according to the following equation [13]:
ðIphhmÞ0:51ðhm—Eoptg Þ ð1Þ
where, for photon energy in the vicinity of band gap, the photocur-
rent yield, Iph, is proportional to the light absorption coefﬁcient, hm
is the photon energy and Eoptg is the optical band gap, or the mobility
gap in the case of amorphous materials.
For all the investigated ﬁlms an exponential decrease in the
photocurrent yield (Urbach tail) as a function of photon energy
was observed at photon energies lower than the mobility gap (part
A of Fig. 1c). As already found for several anodic ﬁlms on valve
metals and valve metal alloys [13–16], a possible origin of such
dependence is the variation of the light absorption coefﬁcient
according to the following law:
a ¼ a0 exp  E0  hmEU
 
ð2Þ
where a0 is a constant and EU is a measure of the width of band tails,
i.e. the extent of DOS localization near the band edge. This relation-
ship has been rationalized in the case of a-SCs by assuming an expo-
nential distribution of localized states in the band edge tails [17]. In
this cases E0 marks the energy where lna vs hm (Urbach plot) ceasesTable 1
Optical band gap values relating to air formed ﬁlms on sputter-deposited Ti–Zr alloys,
estimated by assuming non direct optical transitions
Base alloy Sol: 0.1 M ABE Sol: 0.5 M H2SO4
UOC (V(SCE)) E
opt
g (eV) UOC (V(SCE)) E
opt
g (eV)
Ti–10 at.%Zr 0.20 3.51 0.29 3.55
Ti–23 at.%Zr 0.20 3.59 0.12 3.64
Ti–42 at.%Zr 0.30 3.95 0.05 3.92
Ti–63 at.%Zr 0.30 4.15 0.12 4.10
Ti–80 at.%Zr 0.41 4.18 0.02 4.15
Zr 0.55 3.50/4.30  0.21 3.50/4.30to be linear and its value frequently coincides with the mobility gap
of the material. For all the investigated air formed ﬁlms, E0 slightly
higher than the mobility gap calculated according to Eq. (1) was
determined (see Fig. 1b and c). At very low absorption levels, a sec-
ond exponential part in the Urbach plot (weak absorption tail, B in
Fig. 1c) was frequently observed. Such a behaviour has been inter-
preted by assuming a dependence of the light absorption coefﬁcient
on energy according to the following relationship:
a / exp hm
Et
 
ð3Þ
where the energy parameter Et is always larger than EU [18].
According to Ref. [18], this part of the loga vs hm plot is not as well
reproducible as part A due the high structure sensitivity of the light
absorption coefﬁcient in this energy range.
In Table 1, we summarize the estimated band gap values of air
formed ﬁlms as a function of the base alloy composition. It is
important to stress the following aspects: (1) no appreciable inﬂu-
ence of the polarizing electrolyte has been evidenced in spite of the
large difference of their pH; (2) Eoptg increases as the Zr content in
the base alloy increases; (3) in the photocurrent spectra relating
to air formed ﬁlms on Ti–80 at.%Zr a photocurrent tail was present
at energy lower than the estimated band gap (see Fig. 2a), while for
air formed ﬁlms on Zr two linear regions were present in the
(Iphhm)0.5 vs hm plot, giving two possible extrapolated band gap val-
ues: Eoptg1 = 3.5 eV and E
opt
g2 = 4.3 eV by ﬁtting the low and high en-
ergy region, respectively (see Fig. 2b).
In order to get some information on the semiconducting or
insulating character of the air formed ﬁlms, we recorded photocur-
rent vs polarizing voltage curves (photocharacteristics) by scan-
ning the electrode potential in the cathodic direction at 5 mV s1
at constant irradiating wavelength. No inversion of the photocur-
rent sign was revealed for air formed ﬁlms on Ti–Zr alloys with a
zirconium content 663 at.% as typical of n-type semiconductors
(see Fig. 3a). For these layers at all the investigated wavelengths
the potential at which the photocurrent goes to zero in 0.1 M
ABE is 0.8 ± 0.1 V(SCE), thus we can roughly locate the ﬂat band
potential around this value. A clear inversion of the photocurrent
sign was present for air formed ﬁlms on Ti–80 at.%Zr, as conﬁrmed
by the rapid change in the photocurrent phase angle, indicating an
insulating behaviour of the ﬁlm (see Fig. 3b). An inversion potential
of 0.8 V(SCE) can be estimated from the photocharacteristics re-
corded in 0.1 M ABE at 240 nm and 280 nm. The onset of cathodic
current hinders to get the inversion photocurrent potential for air
formed ﬁlms on pure Zr polarized in both 0.1 M ABE and 0.5 M
H2SO4 electrolytes.
3.2. Anodic ﬁlms
Anodic ﬁlms on Zr–Ti alloys were grown to 4 V(SCE) at
20 mV s1 in both 0.1 M ABE and 0.5 M H2SO4. From the anodizing
ratios (i.e. the reciprocal of the electric ﬁled during the ﬁlm
growth) estimated from data reported in Refs. [11–12], it is possi-
ble to calculate approximately a ﬁlm thickness between 10 nm and
13 nm for the anodized alloys. All the ﬁlms were photoactive and
in Table 2 we report the indirect optical band gap values, measured
by polarizing the oxides at 2 V(SCE), as shown in Fig. 4a and b for
Ti–42 at.%Zr anodized to 4 V(SCE) in 0.1 M ABE. As already found
for air formed ﬁlms, the band gap values increases as the Zr con-
tent in the base alloys increases, even if anodic ﬁlms have slightly
lower band gap values with respect to air formed ﬁlms grown on
the alloy with the same composition. No appreciable inﬂuence of
the anodizing electrolyte on Eoptg values is observed.
It is interesting to stress that in the case of anodic ﬁlms of
4 V(SCE) the photocurrent measured at very low energy (part B
of Urbach plot) disappeared, also in the case of very pronounced
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Fig. 1. (a) Photocurrent spectrum relating to air formed ﬁlm on Ti–42 at.%Zr, recorded by polarizing the electrode in 0.1 M ABE at UE = UOC = 0.30 V(SCE). (b) (Iphhm)0.5 vs hm
and (c) Urbach plot.
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Fig. 2. (Iphhm)0.5 vs hm plots relating to air formed ﬁlm on (a) Ti–80 at.%Zr and (b) Zr, recorded in 0.1 M ABE at UE = 0.3 V(SCE).
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Fig. 3. (a) Photocurrent vs polarizing voltage curves for air formed ﬁlm on Ti–23 at.%Zr. (b) Photocurrent and photocurrent phase angle vs polarizing voltage for air formed
ﬁlm on Ti–80 at.%Zr. Sol: 0.1 M ABE, k = 280 nm and vscan = 5 mV s1.
Table 2
Optical band gap values relating to anodic ﬁlms grown to 4 V(SCE) at 20 mV s1 on
sputter-deposited Ti–Zr alloys, estimated by assuming non direct optical transitions
at UE = 2 V(SCE)
Base alloy Sol: 0.1 M ABE Sol: 0.5 M H2SO4
Eoptg (eV) E
opt
g (eV)
Ti–10 at.%Zr 3.38 3.40
Ti–23 at.%Zr 3.48 3.47
Ti–42 at.%Zr 3.75 3.77
Ti–63 at.%Zr 4.0 4.0
Ti–80 at.%Zr 4.15 4.17
Zr 3.40/4.50 3.40/4.50
M. Santamaria et al. / Corrosion Science 50 (2008) 2012–2020 2015tailing as that evidenced for air formed ﬁlm on Ti–80 at.%Zr (sse
Fig. 2a). For 4 V(SCE) anodic ﬁlms on Zr it is still possible to get
two optical band gap values at high (4.5 ± 0.05 eV, see Table 2)
and low photon energies (3.45 ± 0.05 eV, see Table 2). The origin
of the sub-band gap photocurrent in anodic ﬁlms on sputter-
deposited Zr has been extensively discussed in Ref. [19] and it
has been attributed to optical transitions involving a band of local-
ized states inside the mobility gap of the ﬁlm.
As found for the air formed ﬁlms, an exponential decrease in the
photocurrent yield as a function of photon energy has been ob-
served at photon energies lower than the mobility gap for all the
investigated anodic ﬁlms (see Fig. 4c) with EU values lower with re-
spect to those estimated for the corresponding air formed ﬁlms
and increasing with increasing the Zr content in the base alloy
(see Fig. 5). Therefore, the width of the band tail increases with
increasing Zr content in the mixed oxides and decreases as the ﬁlm
thickness increases.
For anodized Ti–10 at.%Zr only anodic photocurrents were ob-
served, as typical of n-type semiconducting materials and reminis-
cent of the behaviour of TiO2, while both anodic and cathodic
photocurrents were measured for anodized Ti–23 at.%Zr, in con-
trast with the behaviour of the air formed ﬁlm on the same alloy.
Thus, in spite of the low Zr content in the base alloy the anodizing
process leads to the formation of an insulating layer. As expected,
all the mixed oxide grown on Zr richer alloys both in slightly alka-
line and acidic electrolytes behave like insulating materials with a
clear inversion of the photocurrent sign in the photocharacteristics
(see Fig. 6). The shape of the cathodic photocurrent spectra wasquite similar to the corresponding anodic ones, allowing to esti-
mate band gap values similar to those obtained from the anodic
spectra (see Fig. 7).
4. Discussion
Previous work [20] proposed that the optical band gaps of crys-
talline oxides, MxOy, are proportional to the square of the electro-
negativity difference of their constituents, (vM  vO)2, based on the
assumption of a direct relation between the band gap and the sin-
gle MAO bond energy, obtained from the Pauling equation for the
single bond energy. The following equation was suggested to apply
[13–15] to amorphous d metal oxides:
dÞ Eoptg —DEam ðeVÞ ¼ 1:35ðvM  vOÞ2  1:49 ð4Þ
where DEam is a parameter which takes into account the inﬂuence
of amorphous nature on the band gap of the oxides. DEam is zero
for crystalline oxides, whilst increasing values are expected
(up to around 0.5 eV) if the lattice disorder affects the density of
states distribution near both the valence and conduction band
edges [21].
For mixed oxides AaBbOy, the previous correlation is still valid
provided that the average single bond energy is estimated taking
into account the contributions of both, A and B, cations of the oxide
through an average cationic electronegativity parameter, vM, given
by
vM ¼ xavA þ xbvB ð5Þ
where A and B are the metal cations in the oxide, and xa,b their cat-
ionic fractions. In order to use Eqs. (4) and (5) to ﬁt the experimen-
tal band gap values of the investigated Ti–Zr mixed oxides, we
assume xZr = 1.40 according to the Pauling scale, and vTi = 1.656, ob-
tained as the arithmetic mean between the electronegativity, calcu-
lated through Eq. (4) and by assuming 3.05 eV and 3.2 eV for the
band gap values of rutile and anatase crystalline ﬁlms [16]. This va-
lue is in the range of uncertainty estimated by Pauling. In Fig. 8 we
compared the experimental Eoptg values with the theoretical expec-
tation (continuos line) for air formed and anodic ﬁlms on the inves-
tigated Ti–Zr alloys (see Tables 1 and 2). It is important to stress
that the Ti/Zr ratio in the ﬁlms is assumed equal to that of the base
alloys, in agreement with the compositional depth proﬁles reported
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Fig. 4. (a) Photocurrent spectrum relating to an anodic ﬁlm grown to 4 V(SCE) at 20 mV s1 on Ti–42 at.%Zr, recorded by polarizing the electrode in 0.1 M ABE at UE = 2 V(SCE).
(b) (Iphhm)0.5 vs hm and (c) Urbach plots.
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Fig. 5. EU from the part A of the Urbach plots relating to air formed and anodic
(UF = 4 V/SCE) ﬁlms on sputter-deposited Ti–Zr alloys recorded in 0.1 M ABE.
2016 M. Santamaria et al. / Corrosion Science 50 (2008) 2012–2020in Refs. [11–12], obtained by Rutherford back scattering and/or
glow discharge optical emission spectroscopy for anodic ﬁlms
grown in ABE up to high formation voltages on Ti–Zr alloys, sput-
ter-deposited in the same conditions.
As Fig. 8a shows, in the case of air formed ﬁlms the experimen-
tal Eoptg differs from the values calculated by means of Eqs. (4) and
(5), by a quantity which is in the range foreseen by the taking into
account the possible amorphous nature of the investigated layers.
It is interesting to mention that: (1) the DEam values estimated for
air formed ﬁlms are higher than those obtained for the correspond-
ing anodic oxides (see Fig. 8a and b), suggesting a decrease in the
lattice disorder of the ﬁlm due to the anodizing process; (2) DEam
values decreasing with increasing Zr content in the mixed oxides
were estimated, with DEam ﬃ 0 for the air formed and anodic ﬁlms
on Ti–80 at.%Zr. The dependence of DEam on the ﬁlm composition is
in agreement with the GIXRD analysis reported in Ref. [12], where
thicker anodic oxides on such alloys are reported to be amorphous
for a zirconium content 642 at.%, microcrystalline and crystalline
in the case of 63 at.%Zr and 80 at.%Zr, respectively.
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the photocharacteristics were ﬁtted according to a power law,
(Iph)n / UE (see Fig. 9), and a UFB coincident with the extrapolated
potential of zero photocurrent, V*, was assumed [13–14]. The val-
ues of n and V* obtained at each wavelength are reported in Table
3. The disclosed supralinear behaviour (1/n > 1) in a large potential
range, as well as the dependence of n on the wavelength are attrib-
uted to the presence of initial (geminate) recombination effects of
injected photocarriers, which are more pronounced in the case of
anodic ﬁlms on Zr rich alloys. Geminate recombination can occur
if the thermalization length of the photogenerated electron–hole
pairs is too short to prevent recombination of injected photocarri-
ers. Such phenomenon is typical of low mobility carriers in crystal-
line materials and in amorphous materials containing a non zero
density of localized states near the Fermi energy level [13–14].
Thus, the very low best ﬁtting exponent estimated for anodic ﬁlms
on Zr rich alloys are in agreement with a wide region of localized
states near the mobility edges, as suggested also by the Urbach0
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V(SCE). Inset: (Iphhm)0.5 vs hm plot.plot. The inﬂuence of surface recombination phenomena on the
Iph vs UE curves has been neglected due to the high electric ﬁeld
across the ﬁlms in the ﬁtted electrode potential region [13].
According to the data reported in Table 3, the V* values are not
appreciably dependent on the oxide composition. In fact, by aver-
aging the zero photocurrent potentials estimated for all the inves-
tigated alloys a value of 0 ± 0.1 V(SCE) and a value of 0.55 ±
0.1 V(SCE) can be calculated from the photocharacteristics re-
corded in 0.5 M H2SO4 and 0.1 M ABE electrolytes, respectively,
regardless of the alloy composition. The more anodic values esti-
mated for ﬁlms formed and characterized in 0.5 M H2SO4 electro-
lytes reported in Table 3, are in fair good agreement with the
theory, which predicts a dependence of UFB on the pH according
to the relationship [22]:
UFB ¼ const: 0:059 pH ð6Þ
The V* values measured for 4 V (SCE) mixed oxides are more anodic
with respect to the extrapolated zero photocurrent potential mea-
sured for anodic ﬁlms on Zr and almost coincident with the V* val-
ues determined for anodic ﬁlms grow on cast titanium [16]. If we
take into account that the ﬂat band potential of an insulating or
semiconducting material is related to its Fermi level, EF, by the fol-
lowing equation:
EF ¼ jejUFB þ jejUþref ð7Þ
where e is the electron charge and Uref is the potential of the em-
ployed reference electrode with respect to the vacuum scale, the al-
most independence of UFB on oxide ﬁlm composition and the
widening of the band gap value with increasing Zr content in the
oxide can explain the change from a n-type conductivity to an insu-
lating behaviour with increasing the zirconium content in the ﬁlm.
In Fig. 10 we report a schematic picture of the variation of the band
gap on going from the anodic ﬁlm on Ti–10 at.%Zr to the anodic ﬁlm
on pure Zr. The energy levels are represented at pH 5.85, which is
between the pH of zero charge reported for TiO2 (5.8, according to
Ref. [23]) and the pH of zero charge reported for ZrO2 (5.9, accord-
ing to Ref. [23]).
As for the energy levels location relating to the anodic oxide on
Ti–10 at.%Zr, the conduction band mobility edge, EC, is assumed
0.4 eV above the EF, by analogy with (EC  EF) values reported
for amorphous anodic ﬁlms on titanium [24], thus allowing to lo-
cate the valence band mobility edge, EV, from the calculated optical350 400 450 500
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Table 3a
Parameters obtained by ﬁtting according to power law (Iph)n / (UE  V*) the
experimental photocharacteristics recorded for anodic ﬁlms grown to 4 V(SCE) at
20 mV s1 on sputter-deposited Ti–Zr alloys in 0.5 M H2SO4
Base alloy k (nm) n V* (V(SCE))
Ti–10 at.%Zr 240 0.95 0.04
280 0.90 0.08
320 0.825 0.03
360 0.725 0.07
Ti–23 at.%Zr 240 0.90 0.07
280 0.65 0.06
320 0.55 0.01
Ti–42 at.%Zr 240 0.70 0.02
280 0.575 0.03
320 0.50 0.02
Ti–63 at.%Zr 240 0.65 0.06
280 0.55 0.08
Ti–80 at.%Zr 240 0.625 0.02
280 0.55 0.09
Zr 240 0.825 0.74
Table 3b
Parameters obtained by ﬁtting according to power law (Iph)n / (UE  V*) the
experimental photocharacteristics recorded for anodic ﬁlms grown to 4 V(SCE) at
20 mV s1 on sputter-deposited Ti–Zr alloys in 0.1 M ABE
Base alloy k (nm) n V* (V(SCE))
Ti–10 at.%Zr 240 0.95 0.45
280 0.70 0.49
320 0.60 0.46
360 0.575 0.49
Ti–23 at.%Zr 240 0.90 0.45
280 0.65 0.52
320 0.575 0.48
Ti–42 at.%Zr 240 0.70 0.55
280 0.525 0.57
320 0.475 0.56
Ti–63 at.%Zr 240 0.65 0.55
280 0.50 0.67
Ti–80 at.%Zr 240 0.60 0.54
280 0.50 0.57
Zr 240 0.75 1.23
2018 M. Santamaria et al. / Corrosion Science 50 (2008) 2012–2020band gap. Concerning anodic ZrO2, EC is located 1.8 eV above the
zirconium metal Fermi level (4 eV), according to the Fowler
threshold energy estimated for anodic ﬁlms on sputter-deposited
Zr of different thickness [19]. From the energetics depicted in
Fig. 10 it is evident that the band gap widening with increasing
Zr content is mainly sustained by the shift toward higher energy
of the conduction band edge. This is expected since the valence
band is constituted by the O 2p orbitals of the oxides, while the
conduction band is constituted predominantly by the Ti 3d and
Zr 4d orbitals on going from Ti rich to Zr rich oxides. The almost
constancy of the mixed oxides Fermi level and the simultaneous
variation of the band gap value cause an increasing energy distance
between EC and EF, which can explain the change from a n-type
semiconducting behaviour to an insulating behaviour by increas-
ing Zr content.
Moreover, it is interesting to mention that the ﬂat band poten-
tial of the air formed ﬁlms is more cathodic with respect to the cor-
responding anodic layers. The ﬂat band potential of an oxide is
ZrO2 CB
H2O/H2
O2 /H2O
eV
vacuum
EV
EC
Ti0.9Zr0.1O2 VB
Ti0.9 Zr0.1O2 CB
EV
EC EF
EF
-1
-2
-3
-4
-5
-6
-8
-7
ZrO2 VB
Fig. 10. Schematic picture of the variation of the band gap on going from anodic ﬁlm on Ti–10 at.%Zr to anodic ﬁlm on pure Zr.
M. Santamaria et al. / Corrosion Science 50 (2008) 2012–2020 2019dependent on the doping concentration as well as on the density of
states within the mobility gap. In both crystalline and amorphous
materials the presence of imperfections, like impurities, dangling
bond at point defects, microvoids, non stoichiometry etc., can orig-
inate such kind of localized levels. The formation of an oxygen deﬁ-
cient phase is reported to occur for both TiO2 [25] and ZrO2 ([19]
and references therein). In the ﬁrst case the presence of oxygen
vacancies is considered responsible of the n-type conductivity of
titanium oxide. Thus, we can assume that a non stoichiometry
due to an oxygen deﬁciency is also present in the Ti–Zr containing
mixed oxides, in agreement with what suggested in Ref. [5] for
crystalline TiZrO4. The Fermi level position is determined by the
interplay between the density of state inside the mobility gap
(decreasing with increasing crystallinity) and the non stoichiome-
try of the ﬁlm (decreasing with increasing the formation voltage).
The shift in the anodic direction of UFB as a consequence of the
anodizing process indicates a decrease of the oxygen vacancy con-
centration, i.e. an improvement of the oxide stoichiometry, which
is so pronounced to cancel the effect of the reduced density of
states close to the band edges, suggested by the change in DEam
and EU values.
This ﬁnding shows how the electronic structure of a Ti–Zr con-
taining mixed oxide is strongly dependent on both the base alloy
composition and the forming conditions. This aspect is very impor-
tant on a practical view point if we take into account that the elec-
tronic properties of passive ﬁlms play a key role in determining the
corrosion behaviour of a material by inﬂuencing the kinetic of
charge exchange at the metal/passive ﬁlm/electrolyte interface.
5. Conclusions
The band gap value and ﬂat band potential of Ti–Zr containing
mixed oxides grown by air exposure and by anodizing (UF = 4 V/
SCE) were determined as a function of the ﬁlm composition by
photocurrent spectroscopy. The experimental results showed that
Eoptg increases with increasing the Zr content in both air formed
and anodic ﬁlms, in agreement with the theoretical expectation
on the base of the described correlation between the band gap
values of oxides and the difference of electronegativity of theirconstituents. The comparison of the experimental results with
those predicted by this correlation allowed to evidence an inﬂu-
ence on the ﬁlm structure of the forming conditions and of the
Zr/Ti ratio. These last parameters are also important in determining
whether the passive ﬁlms behave like semiconducting or insulat-
ing materials.
The photoelectrochemical investigation allowed to get informa-
tion on the electronic properties of the investigated oxides, which
are very important in determining the performances of these mate-
rials in different technological ﬁelds.
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